Transcription of nitrogen fixation (nif and fix) genes in Rhizobium melilot is induced by a decrease in oxygen concentration. The products oftwo genes,ftxL andflJ, are responsible for sensing and transmitting the low-oxygen signal. The proteins encoded byfrL andflrj (FixL and FixJ, respectively) are homologous to a family of bacterial proteins that transduce environmental signals through a common phosphotransfer mechanism
expressed in Escherichia cofl, and the truncated proteins were purified. We show that a fragment of FixL from amino acid residue 127 to residue 260 binds heme, retains the ability to bind oxygen, and has no detectable kinase activity. A C-terminal fragment of FixL, beinning at residue 260, fails to bind heme but is active as a kinase. We also demonstrate that anaerobiosis results in an enhancement of FixL* autophosphorylation and FixJ phosphorylation activities in vitro. Finally, we show that the heme-binding region of FixL is required in vitro for oxygen regulation of its kinase activities.
The soil bacterium Rhizobium melioti fixes dinitrogen (N2) when associated with root nodules formed on its plant host, Medicago sativa (alfalfa). The expression of most of the known genes required for nitrogen fixation (nifandflx genes), including the structural genes for nitrogenase, is induced in response to a decrease in oxygen concentration (1) . Induction of nifandfix gene expression by low oxygen is physiologically relevant because a low-oxygen environment is maintained in root nodules to prevent inactivation of the highly oxygensensitive nitrogenase enzyme (2) . The genes responsible for sensing and transducing the low-oxygen signal, fixL and fix!, encode proteins (FixL and FixJ, respectively) that are homologous to a large family of bacterial proteins involved in signal transduction, the two-component regulatory system proteins (3, 4) . Two-component system proteins are involved in a wide range of adaptive responses in bacteria, including nitrogen regulation, osmoregulation, chemotaxis, virulence, phosphate regulation, and sporulation (5, 6) . The two components consist of a sensor protein, to which FixL is homologous, and a response regulator protein, to which FixJ is homologous. For several of these systems, genetic and biochemical evidence supports a phosphotransfer model for signal transduction (7) . The sensor protein responds to an activating signal by autophosphorylating and then transferring the phosphate to its cognate response regulator protein. The phosphorylated response regulator, which is often a transcriptional activator, is then able to activate its target (see refs. 8-10 for reviews on two-component regulatory systems).
A cascade model ofnifandfix gene regulation in R. meliloti has been proposed, whereby FixL acts as an oxygen sensor as the initial event in the cascade and transmits this information to FixJ (3) . FixJ, which possesses a putative helixturn-helix DNA-binding motif (3), then activates transcription of the nifA and fixK genes. The nifA and fixK gene products, in turn, are transcriptional activators of at least 14 other nif and fix genes (11) (12) (13) (14) (15) , containing the 3' region offxL and fIxJ, was then cloned in the EcoRI site of pEM10 to generate pEM100. pEM130 was constructed by excising the 0.71-kb Xho I-Xba I fragment from pGG820, filling in the 5' overhangs, and religating. pEM11, the precursor to plasmid pEM110, was constructed by removing the 0.38-kb Cla I-EcoRI fragment from pGG820, filling in the 5' overhangs, and religating. The 1.88-kb EcoRI fragment of pMW2 was inserted into the regenerated EcoRI site in pEM11 to produce pEM110.
Purification of FixLC and FixJ. FixLC was purified from E. coli strain TG1 carrying pEM100 and the nifA: :lacZ reporter plasmid pCHK57 (1) . Three liters of cells were grown at 37°C in Luria broth (LB; ref. 19 ) supplemented with penicillin-G at 250 ,ug/ml and tetracycline at 15 ug/ml. When the OD600 reached 0.5, isopropyl p-thiogalactoside (IPTG) was added to 250 ,tM and cells were grown 4-5 additional hours. All subsequent procedures were performed at 4°C. Cells were harvested, washed, and resuspended in 50 ml of buffer A [20 mM Tris HCl, pH 7.8/100 mM NaCl/5% (vol/vol) glycerol/10 mM 2-mercaptoethanol]. Cells were lysed by sonication and membranes were pelleted by centrifugation at 200,000 x g for 30 min. The supernatant was applied to a 2.5 x 9 cm DEAE-Sephacel (Pharmacia) column equilibrated with buffer A. Proteins were eluted with a 300-ml linear gradient from 0.1 to 0.3 M NaCl in buffer A. Fractions containing FixLC and FixJ were eluted at approximately 170 mM NaCl. Pooled fractions were precipitated with 40% saturated ammonium sulfate, resuspended in buffer B [10 mM Na2HPO4, pH 7.8/100 mM NaCl/5% (vol/vol) glycerol/10 mM 2-mercaptoethanol], and applied to a 1.6 x 40 cm Sephacryl S-200 (Pharmacia) column equilibrated with buffer B. Fractions containing FixLC and FixJ were pooled and applied to a 1 x 10 cm hydroxylapatite (Bio-Rad) column equilibrated with buffer B. Proteins were eluted with a 60-ml linear gradient from 10 to 150 mM Na2HPO4, pH 7.8, in buffer B. FixLC is eluted below 50 mM Na2HPO4 and FixJ is eluted between 50 and 100 mM Na2HPO4. FixLC or FixJ fractions were pooled, concentrated by ultrafiltration, and dialyzed overnight against two changes of buffer C [buffer A with 20% (vol/vol) glycerol]. Purified proteins were stored at -70°C.
Purification ofFixL*. FixL* was purified from E. coli strain TG1 bearing pGG820 and pCHK57. DEAE-Sephacel chromatography and ammonium sulfate precipitation were done essentially as described (15) . Sephacryl S-200 chromatography, hydroxylapatite chromatography, and dialysis were conducted as described for FixLC. (20) .
Gel Heme Assays. High-pH, discontinuous, nondenaturing, 8% polyacrylamide gels were run as described (20) . Crude extracts of IPTG-induced cells bearing the appropriate plasmid (see Fig. 2 legend) were made as described for FixLC. Cells also contained plasmid pCHK57 (1), which is not likely to affect the expression of thefixL derivatives or offiJ. Gels were stained for heme by using o-dianisidine (Sigma) as described (21) .
Phosphorylation Assays. Aerobic phosphorylation assays at 22°C were conducted as described (15) 
RESULTS
Construction and Expression of FixL* Deletions. To investigate the domain structure ofR. meliloti FixL, three deletion derivatives of FixL* were constructed from plasmid pGG820 (Fig. 1) and overexpressed in E. coli. The deletion junctions were chosen on the basis of convenient restriction enzyme sites located near the boundary between the conserved and nonconserved regions upon comparison with other twocomponent system sensors. Crude extracts of IPTG-induced E. coli cells bearing each of the deletion constructs were analyzed by SDS/PAGE followed by Western blotting [using antiserum produced against FixL* (15)] to confirm that each construct produced a FixL species of the appropriate size. Each of the constructs also overexpressed FixJ. The levels of expression of the FixL* deletions varied from approximately 0.5% to 10% of total cellular protein, depending on the particular deletion derivative.
Heme Analysis of FixL* Deletions. Crude extracts were made from E. coli cells bearing each of the deletion constructs, and the extracts were assayed for a heme-containing protein by using a nondenaturing gel heme assay (Fig. 2) . To ensure that the FixL derivatives migrated into the high-pH nondenaturing gel, side-by-side Western blots were done (data not shown). As expected, a crude extract bearing FixL* stained positively for heme (lane 2), while extracts bearing the vector alone (pUC9) or FixJ alone (pMW5) showed no reaction with the heme stain (lanes 7 (15) from which the 1.7-kb HincII-Nae I fragment bearing fixL is deleted. nondenaturing gel heme assay (Fig. 2, lane 6) . The concentration of the FixLN protein calculated from the absorbance at 417 nm by using the extinction coefficient at 417 nm determined for FixL* (15) Absorption spectra of oxy-FixLN and deoxy-FixLN were compared to the spectra ofFixL* (Fig. 4A and B) . Despite the deletion of nearly 30 kDa of the FixL* protein, the spectrum of oxygenated FixLN corresponds very closely to that of FixL*. The absorption maxima for oxy-FixLN (417, 542, and 576 nm) are almost identical to those of oxy-FixL* [417, 542.5, and 576.5 nm (Fig. 4C) (Fig. 4C) .
FixL Kinase Activity Resides in the C Terminus. Crude extracts bearing each of the FixL* deletion constructs were assayed for in vitro phosphorylation activity. Of the three protein deletions, FixLN, FixLC, and FixLNC, only FixLC gave detectable kinase activity in crude extracts (data not shown). FixLC was purified to greater than 90% purity (Fig.   3) , and the protein solution had neither color nor absorbance at 417 nm, confirming that FixLC indeed lacks hemne. Purified FixLC is active for autophosphorylation and the phosphorylation of FixJ (Fig. 5) (Fig. 5) . Preliminary work in our laboratory showed that FixL* kinase activities are enhanced under low oxygen conditions (M. A. Gilles-Gonzalez, G.S.D., and D.R.H., unpublished data). We confirmed these results by demonstrating that after reaction times of 5 and 15 min, FixL* exhibits approximately a 3-fold enhancement of autophosphorylation (Fig. 5A ) and a 4-to 8-fold enhancement of FixJ phosphorylation (Fig. SB) under anaerobic relative to aerobic conditions (based on densitometric scans of autoradiograms). In addition, while FixLC, like FixL*, autophosphorylates and catalyzes the phosphorylation of FixJ (Fig. 5) , it fails to show any change of these activities in response to oxygen. This suggests that the enhancement of FixL* autophosphorylation and FixJ phosphorylation activities under lowoxygen conditions requires the heme-binding region of the protein. Purified FixLN exhibits no detectable autophosphorylation or FixJ kinase activities in either the presence or the absence of oxygen. FixJ alone shows no kinase activity (15) .
FixLNC Lacks Heme-Binding and Kinase Activities. Because FixLNC showed neither heme-binding activity nor kinase activity in crude extracts, it was not further purified. We expected FixLNC to lack kinase activity because the deletion removes a considerable portion of the region of FixL that is conserved among two-component sensors, including the putative phosphorylation site (8, 10 FixLC is also less active than FixL* with respect to FixJ phosphorylation, both aerobically and anaerobically. A reduction in FixJ phosphorylation could be the result of Fix-LC's lower autophosphorylation activity. Additionally, it is possible that FixL possesses an oxygen-regulated FixJ phosphatase activity. If the latter were true, the final level of FixJ phosphate would be the net result of competing kinase and phosphatase activities. It is relevant that in vivo experiments show that FixL sends both a positive signal to FixJ under microaerobic conditions and a negative signal to FixJ under aerobic conditions (29) . As suggested previously (29) , one explanation for this data is that FixL has both FixJ kinase and FixJ phosphatase activities. Other two-component sensor homologues, including NtrB (7, 30) and EnvZ (26, 31) , possess response regulator phosphatase activity, and in the case of NtrB this activity is regulated by the PII protein (7, 30) , which is responsible for transmitting information regarding cellular nitrogen status to NtrB.
FixL* retains sensing function in vitro despite the deletion of the N-terminal transmembrane regions. However, it has recently been shown that the membrane-spanning regions are essential in vivo for normal levels of sensing and signaling function of FixL (A. Lois, G.S.D., and D.R.H., unpublished data). When all four transmembrane regions are deleted, the FixL-dependent microaerobic activation of the nifA promoter is significantly reduced, although it is still oxygen dependent. It may be that the 3-fold increase in FixL* autophosphorylation and the 4-to 8-fold increase in FixL*-mediated FixJ phosphorylation that we observe in vitro represents a significantly reduced oxygen effect as compared with the wild-type protein. Maximal FixL function may require interaction with other membrane proteins or lipids.
It is perhaps surprising that deletion of nearly 30 kDa from FjxL* results in a heme-binding fragment (FixLN) that rptains the ability to bind heme and to interact with oxygen.
The absorption spectra of FixLN and FixL* are very similar in both the presence and the absence of oxygen. The only significant differFce between the FixLN and FixL* spectra occurs in the 4epiygenated state, where the FixL* peak at 565 nm shifts te 8.5 nm for FixLN. Since this shift indicates a change in the 6`me environment, and because a significant difference between FixL* and FixLN occurs only in the deoxygenated state, the interaction of the heme domain with the C terminus may occur predominantly under low-oxygen (activating) conditions.
The absorption spectra of FixL* (15) and FixLN are very similar to the absorption spectra of hemoglobin, both in the presence and in the absence of oxygen, suggesting that the heme moieties of FixL and hemoglobin are in similar environments. In hemoglobin, histidine-F8, the proximal histidine, is bound to the fifth coordination position of the heme iron (32) . Histidine-E7, the distal histidine, influences the binding of ligands (i.e., oxygen, CO, and others) to the sixth coordination position of the heme iron (32) . This suggests that histidines may play an important role with respect to FixL heme and oxygen binding. Furthermore, based on conservation with other two-component system sensors, the likely site of FixL autophosphorylation is histidine-285. Thus, it is possible that histidines could be directly involved in communication between the heme domain and the kinase domain. It is noteworthy that four histidine residues in R. meliloti FixL are conserved in the FixL proteins encoded by thefixL homologues cloned from Bradyrhizobiumjaponicum (33) and Azorhizobium caulinodans (34) . Two of these histidines, corresponding to positions 138 and 194 of R. meliloti FixL, are located in the heme-binding region of FixL (residues 127-260). It has not yet been established whether the B. japonicum or the A. caulinodans homologues encode hemoproteins, but in vivo experiments show that both are involved in regulating transcription in response to oxygen (35, 36) .
Thus we have demonstrated a sensing system that exhibits a response to its environmental signal in vitro and consists solely of a sensor homologue and a response regulator homologue of bacterial two-component regulatory system proteins. It is now necessary to determine precisely how the levels ofFixL phosphate and FixJ phosphate are regulated by the oxygen signal and how these levels control expression of R. meliloti nif and fix genes.
